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The hemodynamic effects on cross-sectiona! area cakukd 
with the conttnuity equation were asses& in canine exper- 
reduction by mild and severe ing of the inferior vena 
cava; and protocol 3, afterload augmentation by mild and 
severe clamping of the descendllg aorta. In each observa- 
tion, a dimension of the stenosis was directly measured by 
two-dimensional echocardiography, and the cross-section 
area wtidetermined as a reference standard. 
As a result of the hemodynamic interventions, signifi- 
Thus, it is concluded that Doppler ec 
(J Am Cd Cardid P990;15:1654-61) 
In cardiac valve stenosis, the cross-sectional area of the 
stenosis is an important indicator of the severity of stenosis. 
Direct visualization of the mitral orifice by two-dimensional 
echocardiography can be used to determine mitral orifice 
area in patients with mitral stenosis (l), but this method has 
several limitations when applied to aortic valve stenosis (2). 
Recently, Doppler ultrasound quantitation of the stenotic 
aortic orifice area has been attempted with use of the Gorlin 
formula (3,4) or the continuity equation (5-7). Good agree- 
ment has been demonstrated between areas determined by 
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the Doppler ultrasound methods and those by the conven- 
tional Gorlin catheter method in patients at rest. However, 
significant questions have been raised concerning the accu- 
racy of the Gorlin formula (8,9), particularly when the flow is 
extremely high or low. Under a high flow condition achieved 
during exercise, Bathe et al. (10) found a questionable 
increase in orifice area determined by the Gorlin formula in 
patients with valvular aortic stenosis. In contrast, Segal et 
al. (9) and Cannon et al. (11) documented experimentally 
that the Gorlin formula underestimates cross-sectional area 
in low flow states. Thus, cross-sectional area determined 
with the Gorlin formula is dependent on hemodynamic 
conditions; however, it is still unclear whether cross- 
sectional area determined with the continuity equation is 
also affected by hemodynamic challenge. The purpose of this 
study was to assess the effects of hemodynamic variables on 
the calculation of stenotic area with use of the continuity 
equation in a canine model of supravalvular aortic stenosis. 
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the main ~n~rnonary 
artery. ~emodynamic interve~~ion§ were 
inferior vena cava (protocol 2) and by clamping the descenciing aorta 
(protocol 3). AoP = aortic pressure; LVP = left ventricular pres- 
sure. 
intravenous sodium pentobarb 
and were mechanically ventilat 
controlled respirator. The c 
median sterootomy, and 
pericardial cradle. A 7F pigta 
left ventricle through the 1 
pigtail catheter was i~se~ed into the rn 
ascending aorta through the right tarot 
catheters were filled with saline solution 
respective Gould Statham P23ID transducers. After careful 
calibration and balancing, aortic and left ventricular pres- 
sures were recorded simultaneously with the lead II electro- 
cardiogram (EC@. The aorta and main pulmonary artery 
were carefully separated at the proximal portion of the 
vessels, and the aorta was banded with an umbilical cord 
immediately above the sinuses of Valsalva. This cord could 
be easily tightened circumferentiaily to produce a supraval- 
vular aortic stenosis. A total of 46 stenoses of various sizes 
(2 to 5 stenoses for each animal) were created in the I3 dogs. 
ardiac output was serially m d by an electromagnetic 
w meter (Nihon ~ohde~ 2100), with a probe at- 
tached to the main pulmonary artery. 
nts performed conformed to 
eart Association of Researc 
adopted November 11, 1984. 
~~r~rnental pro&ocol. Three experimental protocols 
were designed: 
in jive dqs. 
the ~~fer~Qr vena cava in t 
severe a deduction of 75%. A total of 13 stenoses were 
otocoi3 examined the efect o~afte~ioadaugme~tati~~ 
med by clamping the thoracic descending aorta infive 
taneously with the ECG at a paper speed of 
bard copy of the two-dimensional echocardiog 
duced by the same line scan recorder. 
The transducer was placed at the apical position and 
angulated medially to depict the long-axis image of the Left 
ventricular outflow tract in a left anterior oblique equivalent 
view. Flow velocity proximal to the steno 
by pulsed Doppler ultrasound with a 2.5 
(Fig. 2A). A sample volume was positione 
the center of the aortic anulus. Although the Doppler beam 
was directed to be as parallel as possible to the outflow tract, 
the angle of incidence between the Doppler beam and the 
axis of the outflow tract ranged from 0” to 33” (mean II”). 
Flow velocity of the stenotic jet was meas 
ous wave Doppler ultrasound with a 2.5 
coupled to the apical surface of the heart ( 
recording the stenotic jet velocity, the transduce. was care- 
fully manipulated to obtain the highest peak velocity, and the 
Doppler beam was positioned approximately parallel tQ the 
flow direction. The diameter of the aortic anulus was mea- 
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Figure 2. Doppler echocardiographic measurements. A. Flow ve- 
locity proximal to the stenosis was measured by pulsed Doppler 
ultrasound from the apical approach with the sample volume (SV) 
positioned at the center of the aortic (AO) anulus. The angle of 
incidence (0) between the Doppler beam and the center line of the 
left ventricular (LV) outflow tract was obtained on the mid-systolic- 
gated two=dimensional echocardiogram. B, Flow velocity in the 
stenotic jet was measured by continuous wave Doppler ultrasound 
from ihe same apical approach. A careful search for the highest peak 
velocity was made with the aid of the audio signal obtained by 
recording the stenotic jet velocity. C, Diameter of the aortic anulus 
(D,,) was measured on the mid-systolic-gated two-dimensional 
echocardiogram of the long-axis image of the left ventricular (LV) 
outflow tract. D, The minimal diameter of the stenosis (Ds) was 
measured on the long-axis image of the stenotic portion obtained by 
two-dimensional echocardiography. LA = IeR atrium. 
sured by two-dimensional echocardiography with a 3.75 or 5 
MHz transducer attached to the anterior surface of the left 
ventricular outflow portion. A thin-walled balloon filled with 
degassed water was used as an acoustic coupler to improve 
the resolution in the near field. 
The diameter of the aortic anulus was calculated as the 
distance between the trailing edge and the leading edge of the 
aortic anulus on the mid-systolic-gated long-axis image of 
the left ventricular outflow tract (Fig. 2C). In each experi- 
ment, the minimal diameter of the stenosis was measured on 
the long-axis image of the stenotic lesion by two-dimensional 
echocardiography (Fig. 2D). During ultrasound recording, 
artificial ventilation was discontinued for 10 to IS s to avoid 
the influence of respiration on the hemodynamic variables. 
ysis. At least six clearly recorded beats, which 
s consecutive, were measured and averaged 
for quantitative analysis. The time-velocity integral of the 
flow proximal to the stenosis (TVJ) was defined as the area 
under the peak temporal velocity envelope of the Doppler 
shift frequency pattern, corrected for the angle of incidence 
of the Doppler beam. The time-velocity integral of the 
stenotic jet flow (TV& was obtained in the same way but 
without angle correction. These areas were digitized by a 
digital planimeter (Planix 7). Cross-sectional area proximal 
to the stenosis (A,) was calculated with use of the mid- 
systolic diameter of the aortic anulus, assuming circular 
shape. According to the theoretic consideration described 
previously (5), the cross-sectional area of the stenosis (AZ) 
was determined by the formula A2 = A, x TV,I/TV,I. The 
cross-sectional area of the stenosis was also determined with 
use of the diameter of the stenotic portion (C,;, r’lrectly 
measured on the two-dimensional echQcardiogram: Area = 
bility and reproducibility of the measurements. We 
validated the reliability of the cross-sectional area calculated 
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Protocol 1 
(heart rate control) 
10 1.7 2 0.5 IS.6 f 5.4 113 zi 22 161 t 28 48 t 2s 0.50 fc 0.28 
13 1 1.7 + 0.6 14.5 r 4.9$§ 166 r 33’8 48 + 31 0.46 + 0.27 
I’! I50 1.8 -c 0.6 11.6 + 4.l$!q 188 I 25Q 162 + 32 43 z?z 26’611 0.47 ? 0.26 
12 180 1.7 .? 0.7 9.8 -c 4.0$§11¶ 114 + 2wl 155 + 30#l 40 2 2l”slln 0.43 + 0.17 
htocol2 
(preload control) 
Baseline condition 13 12.4 2 5.0 105 9 3s 164 + 19 67 f 26 0.39 + 0.10 
reduction 13 168 -c 30 1.5 + 0.7%” 8.9 1 4.W” + 37 130 f 33t** 49 lr 24Y 0.39 % 0.11 
re reduction 8 163 d 40 0.6 I 0.4$“3t 3.6 + 2.xSm*tt + 34***qt 78 2 34$**-ttt 18 If: 13$**tt 0.42 t 0.13 
Protocol 3 
(afterload control) 
1.7 + 0.6 11.3 i: 3.9 109 5 22 167 + 36 64 + 33 0.41 r 0.20 
1.6 + 0.6’** to.9 + 3.9 131 + 23”” M&29 45 -c 22$” 0.42 4 0.21 
20 139 2 lSS**SS 1.4 + O.W*9t IO.4 f 3.5 169 ? 24+‘*$$ T 192 r 22$‘W 34 -c 2PS*“ES 0 42 . c 0 21 . 
*p < 0.05; tp < 0.01; Sp < 0.005; lversus rate of90 beats/~i~: ljversus rate of 123 beatshin; %ersus rate of 150 beatshin; **versus baseline; ttversus mild 
reduction; ##mild augmentation. rtic pressure: CO = cardirc output; Doppler Area = Doppler-derived stenotic cross-sectional area; HR = heart rate; 
LVP = left ventricular pressure: = maximal instantaneous pressure gradient: SV = stroke volume. 
sis with the continuit 
0.01 h 0.01 cm* (intraobserver) and 0.02 + 0.01 cm* (inter- 
observer) for cross-sectional areas deter 
the continuity equation and 0.03 f 0.02 cm* (intraobservcr) 
and 0.03 + 0.04 cm* (interobserver) for those determined by 
two-dimensional echocardiography. The mean absolute dif- 
ferences between the observations expressed as a percent of 
the first observer’s first observation were 3.g% (intrao 
server) and 4.0% (intero~erver) for areas determined wi 
the continuity equal’ and 10.2% (intraobserver) and 9.5% 
(~aterobseNer) for se determined by two-d~measioaa~ 
echocardiography. 
alysis. All values are expressed as mean 
values f SD. The significance of difference in the variables 
obtained for each condition studied was assessed by analysis 
used for statistical 
en the ~Mmber of the 
ables and the cross-sectional area determined with the 
continuity equation are summarized in Table 1. Individual 
data on hemodynamic indexes and stenotic cross-sectio 
area obtained in protocols I, 2 a tted in Figures 3, 
4 and 5, respectively. In eat achieved by the 
hemodynamic interventions, the cross-sectional area of the 
stenosis determined by two-dimensional echocardiography 
showed no significant change for a 
skwed no difference among the fou 
volume was s~g~ifica~t~y reduced as 
significantly decreased at a 
min compared with that at a 
a heart rate of 150 versus 
heart rate of 180 versus 150 beatslmin; p < 0.01 for a heart 
rate of 180 versus 90 and 120 beatslmin). Cross-sectional 
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Pacing rate (beats/min) 
area of the stenosis determined with the continuity equation 
showed no significant change for a given stenosis. 
Effects of preload reduction (Fig. 4). Heart rate was not 
significantly affected by preload reduction. Cardiac output 
(p < 0.005) and stroke volume (p < 0.01 for baseline versus 
mild preload reduction; p < 0.001 for baseline versus severe 
preload reduction and for mild versus severe reduction), as 
well as the instantaneous maximal pressure gradient (p < 
O.OOl), were significantly decreased as preload was reduced. 
The stenotic cross-sectional area determined with use of the 
continuity equation showed no significant change for the 
same preparation. 
Ellkcts of afterload augmentation (Fig. 5). Heart rate was 
significantly decreased by afterload augmentation (p < 0.01 
for baseline versus mild afterload augmentation; p < 0.005 
for baseline versus severe augmentation and for mild versus 
severe augmentation), as was cardiac output (p < 0.05 for 
baseline versus mild augmentation and for mild versus 
severe augmentation; p < 0.01 for baseline versus severe 
augmentation). The instantaneous maximal pressure gradi- 
ent was significantly reduced as afterload was increased (p < 
Area 
“5 
so 120 150 18 
Figure 3. Changes in hemodynamic variables 
and Doppler-derived stenotic cross-section 
area during heart rate control (protocol 1). Area 
= Doppler-derived stenotic cross-sectional area 
(cm*) by the continuity equation; CO = cardiac 
output (literslmin); max PG 
taneous pressure gradient (m 
by catheter; SV = stroke volume (ml). *p < 
0.05; *p c 0.01; *p c 0.005. 
0.005). Despite these changes in the hemodynamic condi- 
tions, the Doppler-derived cross-sectional area of the steno- 
sis showed no significant change. 
Accuracy of cross-sectional area 
(Fig. 6). Regardless of the inte 
stenotic cross-sectional areas determined with the continuity 
equation showed excellent agreement with those determined 
by two-dimensional echocardiography (r = 0.96, p < 0.001, 
y = 0.95x + 0.02, SEE = +0.06 cm2, where x denotes the 
cross-sectional area determined by two-dimensional echo- 
cardiography and y the area determined with the continuity 
equation). 
Comparison of the Gorlin met 
(Fig. 7). In experimental protocol 1 (heart 
rate control), the stenotic cross-sectional area determined 
with the Gorlin formula was compared with the area deter- 
mined with use of the continuity equation. There was a fair 
overall correlation between areas determined with the con- 
tinuity equation and those determined with the Gorlin 
method (r = 0.76, p < 0.002. n = 48). The Gorlin-derived 
area showed a significantly lower value than the Doppler- 
Figm 4. Changes in hemodynamic var- 
iables and Doppler-derived stenotic 
cross-sectional area during preload re- 
duction (protocol 2). HR = heart rate 
(beatslmin). Other abbreviations and 
symbols as in Figure 3. 
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re 5. Changes in hem0 
and ~Q~~~~~-~~~~Y~~ 
sectional area during afterload a~g~e~ta- 
tion (protocol 3). ~bb~eviatiofls an 
symbols as in Figures 3 and 4. 
In this study we assessed the effect of changes in hemo- 
dynamic variables on the calculation of the cross-sectional 
area with use of 
canine model of 
demonstrate that 
Figure 6. Correlation between stenotic cross-sectional areas (cm? 
determined with use of the continuity equation (Doppler) and those 
determined with use of two-dimensional echocardiography (2-D 
echo). 
0.5 
Area (2-D echo) 
Correlation between stenotic cross-sectional areas (cm’) 
ed with use of the continuity equation (Doppler) and those 
ed with the Gorlin formula in experimental protocol I. The 
s the regression line determined for all data 
s represent the regression lines determined for 
SV = stroke volume (ml). 
: 1Oml~SV c2Oml 
Area ( Doppler) 
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upshem chamber of the heart, it is not necessarily a 
measure of the severity of the stenosis, esp?ciahy in a severe 
case (16) or in a patient with low cardiac output (17) or 
additional regurgitation (18). 
Dem~ynantie effects on stenotie orifice area. Previous 
Doppler echocardiographic studies (5-7) have shown that 
use of the continuity equation allows a reliable determination 
of stenotic oriftce area in humans at rest. However, few 
studies have referred to hemodynamic effects on the stenotic 
orifice area, Cannon et al. (11) demonstrated that the 
stenotic porcine valve area digitized on videotape showed no 
significant change over a wide variety of flow volumes in a 
flow model experiment. Gorlin et al. (19) also documented 
that the mitral orifice area did not change significantly before 
or after exercise in patients with mitral stenosis. Recently, 
Abascai et al. (20) preliminarily documented that stenotic 
aortic ndfice area determined with the continuity equation 
showed no change after dobutamine infusion. However, 
Bathe et al. (10) demonstrated that aortic orifice area calcu- 
lated with the standard Gorlin formula showed a slight but 
statistically significant increase during exercise in isolated 
aortic stenosis. They did not verify whether the area in- 
creased during exercise; rather, they noted that this result 
might be attributable to a computational artifact involved in 
the standard Gorlin formula, in which the square root of the 
mean pressure gradient is used in practice where, in theory, 
the mean square root of the instantaneous pressure gradient 
should be used (10). Because the continuity equation method 
does not require such a mathematic substitution, the accu- 
rate determination of stenotic orifice area by this method 
may be a promising means of obtaining specific information 
on the severity of a stenotic lesion under a wide variety of 
hemodynamic conditions. 
Implications of the present experimental design. In this 
study we designed a canine model closely resembling supra- 
valvular aortic stenosis. This model is similar in design to 
that used by Smith et al. (21) to validate the Doppler-derived 
pressure gradient in aortic stenosis. In a steady flow model 
experiment we demonstrated that the stenotic orifice area 
determined with use of the continuity equation agreed well 
with the actual orifice area regardless of the chsnges in 
vohtmetric flow rate. In a living subject, multiple factors, 
including preload, afterload, heart rate and contractility, 
might be complexly intertwined to achieve the equilibrated 
hemodynamic state. Because such a complex regulation of 
the hemodynamic condition can hardly be simulated by a 
flow model experiment, we designed the present animal 
experiment for further investigation. 
Although afterload augmentutio,r (protocol 3) decreased 
the cardiac output by 6.7% and 13.9% from the basal 
condition for mild and severe afterload augmentation, re- 
spectively, the stroke volume did not change significantly 
kaJse Of the counterbalanced reduction in heart rate. In 
contrast, when the heart rate was controlled by atria1 pacing 
(protocol l), the cardiac output remained constant for dif- 
ferent pacing rates, and consequently, the 
t-eduction in stroke volume could be obtained. 
reduction by partial clamping of the inferior vena cava 
(protocol 2) resulted in about a 25% reduction in cardiac 
output, which can be found clinically, for example, in a 
patient with diminished cardiac performance. However, the 
low output state (~30% of the control condition) produced 
by the severe preload reduction might not be seen in hving 
humans. Nevertheless, the calculated stenotic cross- 
sectional area showed no sign nt change, a finding in 
agreement with the directly mea 
the stenosis. When aortic stenosis 
stenosis, cardiac output may be decreased because of re- 
duced left ventricular filling volume. Under such conditions, 
the pressure gradient across the aortic valve may be inade- 
quate to assess the degree of aortic stenosis. Our exp 
tal results indicate that even under such low flow co 
the present Doppler-derived method provides an accurate 
value for the stenotic area. 
Previous clinical studies (3-7) have generally used the 
area determined with use of the Gorlin formula as a refer- 
ence standard. However, the Gorlin method has been show 
to include the possibility of 20% to 40% error even in th 
absence of regurgitation; (8) and, more importantly, a 
stenotic area determined with the Gorlin method underes- 
timates the actual area under critically low flow conditions 
(9.1 I). Our results were consistent with previous reports in 
which area determination by the Gorlin method results in a 
significant underestimation of the actual area u,lder such 
critically low flow conditions as those generally seen in our 
experiment. Thus, it may not be adequate to use the Gorlin 
method of determining cross-sectional area as a reference 
standard in our study. 
e study. The present model of supraval- 
vular stenosis may differ in morphologic and hemodynamic 
behavior from valvular stenosis in clinical patients. First, the 
phasic change in the cross-sectional area is expected to be 
smaller in supravalvular than in valvular stenosis, because 
the opening and closing motion of the valve might be affected 
by the flexibility of the valve structure, especially when the 
flow is critically low. Second, because the pressure loss 
across the hourglass-shaped stenosis is less than that in an 
orifice stenosis, the relation between the stenotic jet velocity 
and the proximal velocity in the supravalvular stenosis might 
be different from that in the valvular stenosis even when 
both have the same cross-sectional area. Third, irregular 
adhesion of the leaflets in valvular stenosis might distort the 
flow direction and velocity profile at the stenosis, which has 
been encountered as a possible limitation to applying the 
present Doppler method to valvular aortic stenosis. Thus, 
the results of the present study might not be directly appli- 
cable to valvular stenosis. 
The accuracy of the quantitated area was assessed by 
dimensional e~hocardi~g~a~~y, in contrast to t 
with vdvular aortic stenosis (2). 
accurately predict stenotic cross-sectional area over a wide 
range of hemodynamic conditions. 
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